The energy performances of nanothermite materials are dependent on the mass transport, diffusion distance, and interfacial contact area between the fuel and the oxidizer. In this work, we utilize an atomic layer deposition (ALD) technique to deposit Besides, the thermite reaction of Al@Fe 2 O 3 is several times faster than that of a mixture of Al-Fe 2 O 3 nanopowders. The improved energy performance is mostly attributed to the uniform distribution of Al and Fe 2 O 3 on the nanometer scale, which effectively reduces the diffusion distance and maximizes the interfacial contact area between the oxidizer and the fuel.
Introduction
Nanothermites, also known as superthermites or metastable intermolecular composites (MICs), are a class of energetic materials composed of nano-sized metal fuel (usually Al) and some oxidizer nanoparticles such as Fe 2 O 3 , CuO, MnO 2 , NiO, MoO 3 , PbO, etc.
1,2 Compared to conventional thermite materials, nanothermites exhibit higher energy densities, faster energy release rates, shorter ignition times, and improved repeatability of response to ignition.
3 Nanothermite materials have faster energy release rates mostly due to the improved mixing of reactants. 4, 5 In nanothermites, the fuel and the oxidizer make contact with each other in the nanometer scale, thus shortening the diffusion distance and increasing the interfacial contact area between the reactants, which in turn causes an increased burning rate.
6-8 The improved energy performances make nanothermites more competitive in realworld applications such as additives to propellants and high explosives, free standing heat sources, power sources for micro electro-mechanical systems (MEMS), airbag ignition materials, hardware destruction devices, welding torches, etc.
9,10
Many methods, including physical mixing, [11] [12] [13] [14] sol-gel processing, [15] [16] [17] self-assembly etc., [18] [19] [20] [21] [22] [23] have been introduced to synthesize nanothermites. Each method has its own merits and limitations. 3 Theoretical studies have revealed that orderly arranged composition can result in maximum interfacial contact area between the fuel and the oxidizer, and hence provide a higher rate of energy release. 19 One attractive method to obtain intimate fuel-oxidizer contact is to deposit the oxidizer directly onto nanometer-sized fuel particles. In this approach, the uniformity of the deposited oxidizer lm is the key to maximize the fuel-oxidizer contact. Among established deposition methods, atomic layer deposition (ALD) is an ideal process to deposit ultrathin lms with high uniformity and digital thickness control. [24] [25] [26] In ALD, reactants (precursors) are sequentially pulsed to the substrate and lm growth is achieved through self-limiting surface reactions. By alternately exposing the substrate to the metal source and the oxygen source, metal oxide lms can be grown layer by layer. 27, 28 So far ALD has been utilized to deposit many metal oxides that can be used for thermite reactions, including Fe 2 35 Ferguson et al. 36 rst employed ALD to deposit SnO 2 coatings on nanoparticles of Al. However, due to insufficient reactant exposures, the ALD surface reaction was not saturated, leading to limited lm growth and large deviations from the expected oxidizer to fuel (O/F) ratio. By optimizing ALD experiment conditions, 37 we successfully prepared core-shell structured Al@SnO 2 nanothermites by ALD. With the proper O/F ratio, the reaction rate of the ALD Al@SnO 2 nanothermite is several times faster than the mixture of nanopowders. These explorations validate the feasibility of synthesizing nanothermites by ALD and demonstrate the advantages of core-shell structured nanothermite materials.
Among thermite materials, the Al/Fe 2 O 3 system has attracted special attention since it has many unique properties including a high adiabatic temperature (T ¼ 3135 K), a high reaction heat (DH ¼ 952 cal g À1 ), and an energy density of 3.9 kcal cm
À3
, that is, about 4 times as high as that of 2,4,6-trinitrotoluene (TNT, 1.0 kcal cm 

ALD synthesis
ALD experiments were carried out with a homemade viscous ow reactor based on the design of Elam and George. 40 The ALD reactor was a 2-in OD stainless steel tube heated on the wall by electronic heating tapes. The Al nanopowder (100-300 mg) was held in a shallow copper container covered by stainless steel mesh. The container was inserted into the middle of the reaction chamber. ALD reaction of Fe 2 O 3 was carried out at 350 C and 1.0 torr with ultra-pure nitrogen (99.999%, Xi'an Weiguang Gas Co., China) continuously purged through the reactor at a ow rate of 120 sccm. The ferrocene container was kept at Initiation and combustion properties of the nanothermites were measured with a homemade laser ignition device described in ref. 37 . CO 2 laser with an output wavelength of 10.6 mm (GSI SLC110N) and a power of 30 W was used as the ignition source. In each experiment the powder sample ($0.03 mL) was packed in a micro ceramic crucible and the laser beam was brought to the sample surface in the perpendicular direction to ignite the sample. Light signals from sample burning were captured by optical devices and were recorded on a digital oscilloscope. Combustion processes were also recorded by a digital video camera at 30 fps. Among these precursor combinations, the most ubiquitous recipe currently used for depositing iron oxide by ALD involves the use of Fe(Cp) 2 and oxygen. As an ALD precursor Fe(Cp) 2 is attractive as it is commercially available, remarkably inexpensive, and has high thermal stability (above 500 C) in the gas phase. In the temperature range of 350-500 C the reported Fe 2 O 3 lm growth rate is 0.06-0.14 nm per cycle on at or porous substrates. 29, 48 In this work Fe(Cp) 2 and O 2 are used as precursors for Fe 2 O 3 ALD. ALD reactions were carried out at 350 C because this temperature has been proved to be mild enough for processing thermite materials. QCM measurements were performed to study the Fe 2 O 3 lm deposition process and to measure the lm growth rate during ALD experiments. Fig. 1 presents a lm thickness versus time plot obtained by QCM during a typical Fe 2 O 3 ALD experiment with a pulse sequence of 2-2-7-2 s. The lm thickness is calculated based on the mass gain measured by QCM and a density of 5.24 g cm À3 is used to convert the mass of Fe 2 O 3 to lm thickness. From the QCM data for one complete Fe 2 O 3 ALD cycle, an abrupt increase in the lm thickness can be observed immediately aer dosing Fe(Cp) 2 . The initial increase in lm thickness is extremely large ($9 nm), which suggests that multi-layer adsorption (both chemical and physical) must occur during the Fe(Cp) 2 pulse. Following the steep increase the mass uptake gradually slows down and the corresponding lm thickness becomes stable, indicating that surface adsorption has reached completion. The subsequent N 2 purge removes some of the physically adsorbed Fe(Cp) 2 molecules. However it appears that the N 2 purge is not very sufficient for removing physisorbed precursors in that the mass curve goes down slowly during the purge period. As the pulse of O 2 is switched on the lm thickness decreases rapidly. During this reaction step the chemisorped *-Fe-Cp species is oxidized to iron oxide and CO 2 by molecular oxygen. 49 The large mass decrease during the O 2 pulse implies that O 2 not only converts chemisorped precursors to oxides but also facilitates desorption of physically adsorbed Fe(Cp) 2 molecules from the surface. The mass curve becomes almost at at the end of the O 2 pulse. Aer one complete ALD cycle the net mass increase is quite small compared to the large initial mass uptake at the beginning of the Fe(Cp) 2 pulse. This lm growth pattern remains stable for hundreds of ALD cycles and the average lm growth rate is 0.12 nm per cycle. This value is comparable to previously reported ALD Fe 2 O 3 lm growth rates using Fe(Cp) 2 and O 2 as precursors.
Results and discussion
29,48
One important premise of an ALD process is the self-limited (or saturated) surface reaction. The saturated surface reaction ensures the layer by layer lm growth pattern and thus guarantees excellent uniformity of the coating in a porous system. The reaction time required to achieve saturation of the surface reaction in a high surface area support is much longer than that on a at substrate. To explore the saturation conditions of Fe 2 O 3 ALD on the Al nanopowder, a series of experiments with pulse sequences of x-x-x-x seconds were carried out, in which x was varied from 20 to 120 s. Previous TEM studies show that a 3-4 nm thick alumina passivation layer exists on the surfaces of Al nanoparticles, therefore active Al metal accounts for nearly 70 wt% of the Al nanopowder. 37 In the thermite reaction between Al and Fe 2 O 3 , the stoichiometric molar ratio of Fe 2 O 3 to Al is 0.5. Since $70 wt% of the Al powder is active, the optimal mass ratio of the deposited Fe 2 O 3 to Al should be $2.1. Therefore Fe 2 O 3 lm was continuously deposited on the Al nanopowder with a pulse sequence of 90-90-90-90 s until a relative mass increase of 210% was reached. During ALD experiments weight measurements were taken aer every 25 cycles of lm deposition. Fig. 2b displays the sample mass gain data versus the number of ALD cycle performed. The constantly increased slope of the mass gain curve suggests that the total surface area of the powder increases as a result of the gradually enlarged particle size. According to the mass gain curve, the optimal O/F can be reached by performing $175 cycles of Fe 2 O 3 ALD.
QCM measurements can provide the average Fe 2 O 3 lm growth rate on a at substrate (the quartz crystal). However, the Fe 2 O 3 lm growth on a porous substrate may be different from that on a at one. Therefore we also use AAO as probe samples to estimate the Fe 2 O 3 lm growth rate on the Al nanopowder. The AAO probe samples are 60 microns thick membranes with 220 nm regular pores. The measured surface area of the AAO is 5.8 m 2 g À1 . The AAO probe samples and the Al nanopowder were placed together in the reactor during ALD experiments. Since the AAO has a smaller surface area and lower diffusion resistance than the Al nanopowder bed, under the optimized lm growth conditions the surface reaction should be saturated on both the Al nanopowder and the AAO probe sample. Aer the ALD experiment the mass change of the AAO membrane was measured with an analytical balance. The average thickness of the Fe 2 O 3 lm (h) deposited on the AAO can be calculated from the following equations:
In above equations, m 0 and Dm represent the original mass of the AAO and the mass increase aer ALD; D 0 and D 1 are the average diameters of the AAO pores before and aer the lm deposition; r is the density of the ALD lm; and S is the specic surface area of AAO. 50 The masses of the AAO probe samples increased by 46% and 62% aer performing 125 and 175 cycles of Fe 2 O 3 ALD. Based on mass gains of the probe samples, the average lm growth rate on the porous AAO substrate is 0.13 nm per cycle. This lm growth rate is very close to the Fe 2 O 3 lm growth rate measured with QCM.
Chemical and morphological characterization
Surface compositions of the as-prepared ALD nanothermites are measured by XPS. Fig. 3 presents the XPS spectra of the Al nanopowder coated with 175 cycle ALD Fe 2 O 3 lm. In the survey scan spectrum (Fig. 3a) , the only detectable surface elements on 175 cy Al@Fe 2 O 3 are Fe, O and C. The C signal is chemically similar to typical surface contamination. Compared to the XPS Structures and morphologies of the ALD Fe 2 O 3 coated Al nanoparticles are studied by SEM. Fig. 5 presents SEM images of the original Al nanopowder (Fig. 5a ) and the Al nanopowder fabricated by 175 cycles of Fe 2 O 3 ALD (Fig. 5b) . The average size of the nanoparticles considerably increases aer ALD, which is apparently due to the Fe 2 O 3 layer deposited on the surfaces of the Al nanoparticles. The ALD Fe 2 O 3 lm has a rough texture, which implies that the lm may be composed of tiny grains of nanocrystals. The unique surface morphology of the ALD Fe 2 O 3 layer makes it easily distinguishable from the smooth surfaces of Al nanoparticles. By comparing the SEM images of the Al nanopowder before and aer Fe 2 O 3 ALD (Fig. 5a and b) it can be conrmed that all surfaces of Al nanoparticles are covered by a continuous layer of Fe 2 O 3 , which is responsible for disappearances of Al signals in the XPS spectrum. (Fig. 6a) . Despite the presence of the Fe 2 O 3 surface layer, the globular shapes of the Al nanoparticles are maintained, which implies that the thickness of the ALD Fe 2 O 3 layer is mostly conformal. From the magnied image of a single nanoparticle (Fig. 6b) it can be clearly observed that the nanoparticle has an Al core and a Fe 2 O 3 shell. The edge of the Fe 2 O 3 layer is quite rough, which makes is difficult to precisely measure the lm thickness. Ignoring the irregular structures on the outmost surface of the oxide layer, the Fe 2 O 3 lm thickness is estimated to be 23 nm. This lm thickness corresponds to an average lm growth rate of 0.13 nm per cycle, which is in excellent agreement with the lm growth rate measured with QCM or on AAO probe samples. High resolution TEM characterizations reveal that the bumpy appearance of the ALD Fe 2 O 3 layer is due to existences of closely packed Fe 2 O 3 nanocrystals. The inset of Fig. 6b shows the lattice fringes of Fe 2 O 3 nanocrystals on the shell layer of the nanoparticle. An interplanar distance of 0.25 nm, which corresponds to the lattice spacing of g-Fe 2 O 3 (311) crystal plane, can be clearly identied.
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EDS mapping technique is used to measure the spatial distributions of Al, Fe, and O elements in the nanothermite. Fig. 7a is a typical SEM micrograph of the 175 cycle Al@Fe 2 O 3 nanothermite sample. Fig. 7b-d show the distributions of Al, O, and Fe elements in the nanothermite sample. The signal patterns of Fe and O are identical in these images. Fig. 7d and e exhibit superimposed distributions of O and Al, and Fe and O elements, respectively. All particles exhibit core-shell congu-rations in which the Al nanoparticles are surrounded by an almost conformal layer of iron oxide. From these images it can be re-conrmed that each individual Al nanoparticle is encapsulated by a uniform layer of Fe 2 O 3 and that an Al-core Fe 2 O 3 -shell nanocomposite is formed. This core-shell conguration ensures uniform distribution of Al and Fe 2 O 3 on the nanometer scale and maximizes the interfacial contact area between the oxidizer and the fuel.
From above SEM and TEM images some degree of nanoparticle interconnection can be observed. Too much interconnection of particles may cause aggregation of the powder, which will lead to loss of the surface area and inhomogeneous distribution of the oxidizer and the fuel. Particle interconnection is almost inevitable in the process of coating nanopowders with a xed bed ALD reactor. Normally, the degree of particle interconnection is related to the thickness of the ALD coating with respect to the diameter of the nanoparticle substrate. The degree of particle aggregation can be evaluated by analyzing the change in surface area before and aer the lm deposition. Herein the surface areas of a few samples at different stages of (Fig. 2b) . Assuming that all Al nanoparticles have an equal starting diameter of 130 nm and that the Fe 2 O 3 lm deposition rate is 0.13 nm per cycle, aer 125 and 175 cycles of Fe 2 O 3 ALD the total surface area of the powder should be increased by 56% and 83%, respectively, if no particle interconnection occurs. These expected values are higher than the actual surface areas of the ALD Fe 2 O 3 coated powders due to interconnection of nanoparticles; however, the differences are not that large. That is, the degree of the particle aggregation is not very signicant aer Fe 2 O 3 ALD. Therefore the homogeneity of fuel-oxidizer mixing is not too much affected by interconnection of nanoparticles during ALD.
Energy release and combustion property tests
To evaluate the energy releases of the nanothermite samples, we characterized the heating processes of the nanothermites in the temperature range from 50 to 1200 C with DSC, and the results are shown in Fig. 8 . The DSC results indicate that the thermal behaviors of nanothermites are markedly different from that of the Al nanopowder. As shown in Fig. 8 , the broadened exothermic peak before the melting point of Al (660 C) is ascribed to the thermite reaction between Fe 2 O 3 and Al. At a xed O/F ratio the amount of energy released in the thermite reaction is related to the efficiency or completeness of the reaction. The core-shell nanostructure effectively enhances uniform mixing of solid reactants and greatly reduces the fueloxidizer distance, consequently completeness of the thermite reaction is improved and energy release is promoted. Initiation and combustion properties of the nanothermites are studied by laser ignition technique. Table 1 summarizes the results of ignition delays and durations of the thermite reactions obtained from laser ignition experiments. Fig. 9 displays selected video frames recorded during ignition and burning of the Al nanopowder (Fig. 9a) , 125 cycle and 175 cycle Al@Fe 2 O 3 nanothermites ( Fig. 9b and c) , and a mixture of Al and Fe 2 O 3 nanopowders with an O/F of 2.1 (Fig. 9d) . Ignition delay refers to the time required to initiate the reaction aer introducing the laser power. Due to existences of the Fe 2 O 3 shell layers, ignition delays of the nanothermite samples are slightly prolonged. The increase in the ignition delay is dependent on the thickness of the Fe 2 O 3 shell layer, which implies that the energy release patterns of energetic nanomaterials may be tuned by applying ALD coatings on the phase interface. 53 Combustion of the Al nanopowder is quiet and slow (Fig. 9a ). The energy release is limited by the diffusion and reaction with atmospheric oxygen. 39 In contrast, reactions of Al/Fe 2 O 3 thermite materials (Fig. 9b-d) are much faster and more violent. Glaring ashes and erupting sparkles are produced during the reaction. The rate of a thermite reaction is dependent on both the structure of the thermite material and the O/F ratio. When the O/F ratio is lower than the stoichiometric ratio of the thermite reaction, Al metal would react with both the Fe 2 O 3 shell and oxygen in the air, and the reaction time would be extended. Among thermite samples the 175 cycle Al@Fe 2 O 3 nanothermite has the highest reaction rate. With the optimal O/F ratio reaction of the 175 cycle Al@Fe 2 O 3 is three times as fast as that of the Al-Fe 2 O 3 nanopowder mixture. Furthermore, from Fig. 9c it can be noticed that the ame in the rst video frame (t ¼ 0.03 s) is much brighter than other video frames, which indicates that most of the energy is actually released in a very limited time. The enhanced reaction rate is attributed to the exquisite coreshell nanostructure as well as the conformity of the oxidizer layer: the core-shell nanostructure maximizes the interfacial contact area between the oxidizer and the fuel and effectively reduces the fuel-oxidizer distance; while the conformal oxidizer shell layer ensures most uniform mixing of the reactants down to the nanometer scale.
Previously we have synthesized core-shell structured Al@SnO 2 nanothermite using the same ALD technique. 37 Laser 
